Rubredoxin from Clostridium pasteurianum is an iron sulfur protein of molecular weight ~ 6100. Crystals are grown by salting out from aqueous (NH4)2804 at pH 4. They belong to the trigonal system, space group R3, hexagonal unit-cell parameters a= b = 64.45, c= 32.68 ~. The structure was solved at 3 ~ resolution with phases based on a single HgI4 z-derivative. For the 2 A resolution electron density map, phases were based on two derivatives, HgI4 z-and UOI +, for which both reflections of each Friedel pair were measured. From this map a tentative sequence was determined and coordinates for 401 atoms in the molecule were tabulated. The model for the structure has been refined in the usual crystallographic sense beginning at a conventional R of 0.372. Four refinement cycles by AF syntheses and four by least-squares have reduced R to 0.126 for the 5005 reflections with 20" < I and 0.05 < sin 0/2 < 0.325. Important features of the structure which were uncertain or not evident in the 2 A resolution map have been revealed.
The analysis of protein structure from X-ray diffraction data has been based primarily on electron density maps that have been computed with observed structure amplitudes and multiple isomorphous replacement phases. The ultimate detail that can be revealed in such maps is highly dependent on the accuracy of the phases. In general, the error increases with increasing 0, in part because of the rapid decrease in the structure amplitudes, but also because of lack of isomorphism between native and derivative crystals and other factors which cause errors in the phases. It has not been the practice therefore, to determine phases for reflections with d<2 A (0.25<sin 0/2).
The problem of error in multiple isomorphous phases would be eliminated if a model could be assumed for a protein structure and refined in the ordinary crystallographic sense. Although the efforts to refine the model of myoglobin have met with only limited success (Br/ind6n, Holmes & Kendrew, 1963; Watson et al., 1963; Watson, 1969) , there is no reason, in principle, why a protein cannot be refined if the data are sufficiently extensive. Not only would refinement improve the model, but it would provide an estimate of the precision of the coordinates so that an objective assessment of structural features could be made. There are practical difficulties, however, in the sheer size of even the smallest proteins and in collecting accurate data. In addition, half or more of the volume of most protein crystals is fluid which is more or less free to move about in the spaces between the molecules; and parts of the molecules, in particular those R groups on the surface which project into the solution, may suffer disorder of one kind or another and have very large apparent thermal motion.
The above factors all tend to decrease the intensities of the X-ray reflections, and X-ray diffraction from protein crystals, in general, drops off very rapidly with increasing 0. Nevertheless, with presently available diffractometers it is possible, for some of the smaller proteins, to observe most of the reflections with 1.5 A < d and an appreciable fraction at even smaller d spacings with intensities greater than 2a.
The resolution which can be achieved with threedimensional X-ray diffraction data is given by the expression (James, 1948) : limit of resolution =0.72 din,,, where drain is the minimum observed interplanar spacing. This is a theoretical limit which is not realized in practice. In the field of protein crystallography it has become general practice to take the resolution as equal to the minimum observed interplanar spacing, and to speak, for example, of a 2 ~ resolution electron density map, meaning one based on reflections with 2 A < d. More simply, such a map is often referred to as a 2 A map and the data as 2 A data.
This report describes the course of the refinement of rubredoxin from Clostridium pasteurianum, a nonheme iron protein with molecular weight ~ 6100. A detailed description of the stereochemistry of the rubredoxin molecule and a description of the solvent structure will be published elsewhere.
and hexagonal cell parameters, a=b=64.45(1), c=32.68(1) ,/~, based on Cu Ks (2= 1-5418/~) (Herriott, Sieker, Jensen & Lovenberg, 1970) . The indicated standard deviations for the hexagonal cell parameters are representative of values for a given crystal. Crystals from different batches may have cell parameters that differ from those reported here by as much as 20 to 30 times the indicated standard deviations. The rhomb-shaped crystals grow readily to sizes of a millimeter or more in a few weeks. The maximum crystal dimension is usually normal to the unique axis and the minimum dimensions parallel to it, often in a ratio of about 2: 1.
Intensity data were collected on a four-circle diffractometer by the ~o/20 scan technique. The crystal was 236 mm from the focal spot, and the scintillation counter 224 mm from the crystal. The Cu target tube was operated at 40 kV constant potential, 14 mA, and set at a 3 ° take-off angle with a focal spot size 0.4 x 10 mm. A 0.009 mm Ni filter was used in the incident beam, and the pulse-height discrimination was set to pass about 95 % of the Cu Kc~ photons.
The scan rate was 2 ° min -1 in 20 and the scan time approximately 40 sec for low 20 reflections with increasing scan time as 20 increased to allow for the el-cq doublet. A background count of 4 sec was collected at each limit of the scan range.
A complete data set with 1.54 ,~<d (sin 0/2.<0.325) was collected from one crystal of approximate dimensions 0.7 x 0.7 x 0.35 ram. About 9350 reflections were collected of which approximately 2000 were duplicates. Three monitor reflections were measured at intervals of 200 reflections and a large number of standard reflections were measured at longer intervals as a check on deterioration. During the period of data collection, the standard reflections decreased in intensity by I0--15 %, and all data were corrected by the appropriate factor. The data were also corrected by experimentally determined absorption factors (North, Phillips & Mathews, 1968 ).
In the unique data set there were 7345 reflections of which 5033 had peak counts greater than 2o-where owas calculated from the expression o-=[Nok scan + (Ts¢,,/Tbk,)ZNbkg + (0"05N~,k ,,et)2] '/2 . Under the operating conditions used, approximately 1600--1700 reflections were collected in 24 11. Scan ranges and background count times were kept as short as possible in order to maximize the rate at which data were collected. Since deterioration of protein crystals can seriously impair precision, it is important that data be collected as rapidly as possible. It is advantageous to sacrifice some precision in counting (random error) by increasing the rate of data collection if a disproportionately larger reduction in systematic error can be achieved.
The model
The structure of rubredoxin was originally solved at 3A resolution with phases determined from the Hg]derivative by using the effects of anomalous scattering to resolve the phase ambiquity (Blow & Rossmann, 1961) . The resolution was extended to 2.5 A, the phases at this resolution being determined from two derivatives, HgI42-and UO, 2+, including measurement of both reflections of each Friedel pair for both derivati,~es . Resolution was subsequently extended to 2 A , again with phases based on two derivatives and measurement of both reflections of each Friedel pair. The 2 A resolution map was calculated on a grid along a*, b, e at intervals of (a cos 30°)/120, b/120, c/60 and with most probable phases and coefficients weighted by figures of merit. It provided the basis for the model used to initiate the refinemcnt . Fig. 1 is a stereogram showing the Fe-S complex and the course of the main protein chain by connecting the ~ carbon atoms. At the time the 2 ~ map for rubredoxin was calculated the chemical sequence was not known, so that in deriving a model it was necessary to determine a tentative sequence from the appearance of the R groups (Herriott, Watenpaugh, Sieker & Jensen, 1973) . About 40 of the 54 amino acids were identified correctly and most of the rest did not differ by more than an atom or two from what they have subsequently turned out to be.
Highly doubtful atoms were omitted, e.g. one atom in R2, N ¢ in what was obviously Lys 3, C °, C 8 and N ¢ of R31 which was thought to be Lys, all atoms in R52 and R53 and all atoms in the C terminal amino acid 54. [The numbering of the atoms is that conventionally used for proteins (IUPAC-IUB Commission on Biochemical Nomenclature, 1971 ).]
Coordinates were derived in the simplest possible way by comparing Kendrew skeleton models of sections of the main chain and R groups with the electron density map contoured on essentially the same scale as the model. The approximate atomic locations were marked on the nearest section of the computer output and the coordinates estimated to 0-1 of a grid interval (0-05 A,). In all, coordinates were derived for 401 atoms in the protein and 23 water molecules, most of which are near the surface of the protein molecule .
Refinement by AF syntheses
For structures in which the atoms are either unresolved or only poorly so, corrections in the assumed positions that can be determined from AF maps with coefficients (Ifol-Ifcl)d%ato lead to better positions for the atoms than those determined directly from an Fo map. Furthermore, difference maps provide an easily interpretable measure of the B values relative to those assumed in calculating the structure factors.
Difference maps are also preferable to the method of least-squares in the initial stages of a refinement because of the easy check on the validity of the indicated corrections in terms of what is known about mainchain and side-chain structure. Moreover, the corn-puting time for a refinement cycle involving a AF map is far less .
The shift in any coordinate xi from the AF map for rubredoxin is given by the equation
OA~lkxi ~xi -020/Ox ~ and similar terms for 6y~ and 6z~ where the slopes are evaluated at the assumed atomic positions (see, for example, Stout & Jensen, 1968) . The cross terms in the full expression have been omitted because the map was calculated on an orthogonal grid. The grid interval was approximately 0.5 /~, sufficiently fine so that slopes could be simply estimated from the grid points bracketing the assumed atomic positions. The curvature to be used in calculating the shifts for for any atom depends on the resolution of the AF map being interpreted. Ideally, it should be taken from an
Fo map calculated with the same terms as the AF map.
It is impractical, however, to evaluate curvatures for each atom because of the lack of resolution in a 1.5 A electron density map, and it involves the addition effort of calculating another map. It was sufficient for our purpose to approximate the curvature of a representative atom from the 2/~ electron density map and from it to estimate curvatures to be used for other atom types. We chose the carbonyl oxygen atom of amino acid 39 with a peak density of ,,~ 1"5 e/k -a. A Gaussian distribution was assumed according to the equation o= Ae-Pr2 (Costain, 1941) , where A is the peak density, p is a constant to be determined, and r is the distance from the atomic center. The constant p was evaluated for 0(39) by equating the number of electrons associated with an oxygen atom to the integral of ~(r) over all space, 8= A(rc/p) 2/3 p = (1.5/8)2/3x = 1.04 A -2 Substitution of A and p in the second derivative of Q(r) gives ~2~/~r2=-(1.5 (I.0) (2)= -3.0 e A -s at r=0.
Curvatures for all atoms of a given type were assumed to be constant and independent of direction. For oxygen, nitrogen and carbon atoms, curvatures were taken in the ratio 6:5:4 on the basis of values used for a small organic structure (Jensen& Lingafelter, 1961) . The curvature of sulfur was taken as twice that of oxygen; that of iron was taken as four times that of oxygen.
It is convenient in practice to evaluate a constant for each atom type by which shifts can be determined by a simple multiplication (or division) of the numerical difference between grid points bracketing the atomic sites. With the difference map on a scale of 100 units/e A -a for rubredoxin, differences of 10, 12.5 and 15 corresponded to a shift of 0.1 grid spacing for carbon, nitrogen and oxygen respectively. In this way, shifts could be evaluated for approximately 50 atoms per hour. No attempt was made to automate this part of the refinement by adapting the method used for a computer because it was judged essential at the outset to inspect each AF map in the vicinity of every atomic site.
For all calculations the data were divided into four groups as a function of sin 0/2: 0.017-0.10, 0.10-0.167, 0.167-0.25, 0.25-0.325. Scale factors and R values (R= ~,llfol--IFcl]/~lfol) were calculated for each group as well as over-all values for the set of data. Information relevant to the course of the refinement is given in Table 1 .
The first structure-factor calculation included 401 atoms in the protein molecule and 23 oxygen atoms representing water in the surrounding solution. The overall R for the 5033 reflections was 0-389 with B= 15 A z as determined from the Wilson plot. Comparison of the scale factors for the four groups of reflections showed at once that B was too high. It was lowered in two steps to 12 A z. Inspection of the very low-angle reflections showed Fo~Fc. This could be due, in part, to secondary extinction, but it is probably primarily the result of neglecting most of the solvent in calculating the structure factors. Weighting the six reflections with sin 0/2<0-03 zero and with B= 12 A. 2, R was 0.372. This is to be taken as the value at the beginning of the refinement.
The first AF map based on the 1.5 A data indicated rather large shifts in both positional and thermal parameters. Shifts in the positional parameters were estimated as described above without applying a double shift (Cruickshank, 1950) since the curvatures derived from the 2 A map are almost certainly underestimates. Ten atoms were added to the model (one of these appeared to be a C atom of a formyl group on the N of the terminal methionine) and one water removed for a total of 433. Although it was evident that an over-all B value of 12 A 2 was too large for atoms on the inside of the molecule and too small for those on the outside, no change was made since we wished to know the effect on R only of the positional shifts and added atoms. R decreased to 0.321.
In the second AF map the large shifts in B values suggested by the first map were also clearly indicated. Accordingly, four different B values were applied: 9, 12, 15 and 20 A 2, the smaller for atoms inside the molecule, the larger for atoms on the outside. Shifts in the positional parameters were calculated as before, and six more atoms were added to make a total of 439. R decreased to 0.289.
From the third AF map, both the number and range range of B values were increased: 7, 9, 12, 15, 20, 25 and 30 A 2. Positional shifts were again calculated, two atoms were added and one removed to make a total of 440. R decreased to 0.262.
Up to this point, the number of parameters had purposely been restricted to ensure that the decrease in R represented primarily improved parameters rather than addition of parameters. The behavior of the group of the very lowest-angle reflections during the first three refinement cycles suggested, however, that the numerous small peaks in the solution did correspond to structure and should be included in the model. Accordingly, oxygen atoms were added where peaks occurred in both the 2/~ Fo map (based on experimentally determined phases) and in the third AF map. Occupancies were taken proportional to the heights in the electron density map relative to that of O(39) as unity. Only peaks corresponding to occupancies greater than 0.3 were included. By adding 72 water O atoms that fulfilled the above criteria with B values of 25 A, R decreased only to 0.260.
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• 8111101 25.0 and when detected were used to check the indicated corrections from the AF map for the known error. For an error up to about 1 A, the calculated shift returned the atom roughly to its true position. For an error much greater than 1 /k, no appreciable shift was indicated and the negative peak in the map at the erroneous site was about equal to the peak which appeared at the position where the atom should have been
Least-squares refinement
The refinement by A F syntheses suggested that continued refinement by the method of least-squares was warranted (Watenpaugh, Sieker, Herriott & Jensen, 1971a, b; . It is essential when applying this method in the present instance to use unrestricted B values for each atom so that incorrect or badly misplaced atoms can be removed (Rossmann, Jacobson, Hirshfeld & Lipscomb, 1959). The unrestricted B's increase the number of parameters to over 2000 with only slightly over 5000 observations. Although this is not greatly overdetermined, there is no reason in principle why the refinement should not be meaningful within the limit imposed by the extent and precision of the data. Because of the large number of parameters, it was necessary to partition the matrix into 10 blocks and to refine one block of approximately 210-240 parameters in each pass. Off-diagonal terms in the matrix correlating atoms bonded together at distances of less than about 1.5 A are important when data do not extend to smaller spacings. To allow at least in part for such interactions, blocks of parameters for successive passes were overlapped, i.e. the parameters of the last main-chain atom included in one block were also included in the next. The function minimized was w(Ifol-INcl, 2 with unit weights.
;.. After the first three passes involving refinement of atoms in the Fe-S complex, in 9 residues in the vicinity of the complex, and in the six N terminal residues, a fifth AF map was calculated in order to check the least-squares method. The map appeared satisfactory and indicated where a few additional atoms should be placed. Four more atoms were added to the molecule and six more water to the solution, a total of 529 atoms.
Ten passes were required to adjust 2117 parameters in the first least-squares refinement cycle, and R decreased to 0.179.
In refining a structure in space group R3 by least squares, the z parameter of one atom should be fixed to determine z=0. In rubredoxin we fixed the z coordinate for the Fe atom. This is wrong, however, when refining in passes because the fixed part of the molcculc in each pass serves to determine z = 0. If the z coordinate of one atom is never allowed to vary, it cannot adjust to the origin implied by those atoms which are necessarily fixed in each pass.
The effect of fixing the z coordinate for the Fe atom was clearly evident in the sixth AF synthesis calculated after the first least-squares cycle. The Fe coordinate had inadvertently been fixed at the z initially derived from the 2 ~ map, and its shifts from the four AF refinement cycles had been negated.
Most of the shifts in parameters from the first leastsquares cycle were reasonable although there were some exceptions. For example, the B value for C~(39) shifted to -5/k 2, a physically impossible value. The sixth AF map clearly indicated that it should be increased to about 10 A 2, a reasonable value and consistent with its position in the molecule. Inspection of the map raised doubt about the positions of the carbon atom of the formyl group and N(1) to which it is bonded as well as positions of some atoms in R12, R21, R29 and R41. Accordingly, the formyl carbon atom, N(1), and all atoms in the four R groups were removed and a seventh AF synthesis calculated. Of the 34 atoms involved, one was removed in the subsequent calculations and positions of the rest adjusted to fit the AF map. Three more atoms were added to the molecule and 21 water molecules to the solution to make a total of 552 atoms.
In the second least-squares cycle, 2209 parameters were adjusted in l l passes and R decreased to 0.148.
An eighth AF map was calculated, and from it 4 atoms were added to the molecule and one was removed. Three more water molecules were added to make a total of 558 atoms.
At this point R was plotted as a function of sin 0/2 where the reflections in the range 0.017 < sin 0/2 <0.10 were subdivided in groups of 0.01 (Fig. 2) . The dramatic increase in R for reflections with sin 0/2<0.05 is probably primarily due to neglect of the solvent continuum in the model. In order to remove the effect of the 22 reflections with 0.03 < sin 0/2 < 0.05, they were weighted zero in the subsequent refinement. Although there is still some evidence for possible solvent effects for reflections with sin0/2 somewhat greater than 0.05, it is clear that giving zero weight to reflections with sin 0/2<0.05 removes the effects of those most seriously in error.
In the third least-squares cycle, 2233 parameters were adjusted with 5005 reflections of nonzero weight. The value of R decreased to 0.132 with about 0.002 of the decrease attributable to assigning zero weight to the 22 reflections noted above
The relatively small decrease in R in the third leastsquares cycle suggests that the refinement is nearing convergence and no additional large decreases can be expected. One further substantial improvement in the model can be made, however, by including the hydrogen atoms without refining their positions. The positions of 256 hydrogen atoms (of the 385 in the molecule) were calculated from the adjacent nonhydrogen atom positions. (The positions of most of the rest could be calculated by assuming a staggered conformation, and the positions of those involved in hydrogen bonding could be approximated by assuming linear bonds.)
That the effects of hydrogen atoms are by no means negligible can be seen by noting that fH is approximatelyfc/6 over most of the range covered by the present data for rubredoxin. Indeed, only for 0.23<sin 0/2 doesfH fall off relatively more rapidly thanfc. Without hydrogen atoms in the model, it is to be expected that the nonhydrogen atoms will tend to be displaced toward the hydrogen positions, and it is important to remove this systematic effect.
In the fourth least-squares cycle," the" 256 hydrogen atoms whose positions were determined by adjacent nonhydrogen atoms were included in the model at their calculated positions. Addition of the hydrogen atoms increased R from 0.132 to 0.141 indicating the substantial effect of hydrogen. Refining the nonhydrogen atoms with the 256 hydrogen atoms included in the model decreased R in the fourth least-squares cycle~to 0.126.
Because the space group for rubredoxin is polar, neglect of the effects of anomalous scattering in the refinement leads to errors in the phases. Although there are effects from the lighter atoms, anomalous scattering from the iron and sulfur atoms is relatively more important and was taken into account after the fourth least-squares refinement cycle by a partial cycle involving only these atoms. R did not change, but the z coordinate for the iron atom shifted by almost 11 cr and shifts for the sulfur atoms ranged from 1-7-2.5a. The average shift in x and y was 0.4a.
Observed and calculated structure factors are listed in Table 2 . The parameters in Table 3 are from the fourth least-squares refinement cycle except those for the iron and four cysteine sulfur atoms which are from the partial cycle including anomalous scattering for these atoms.
It should be emphasized that the refinement has not completely converged (see Discussion) and some R groups in Table 3 are not yet correct. The chemical sequence indicates the following change~ (McCarthy, 1972) : R8, lle--+Val; R21, Glu-+ Asp; R24, lie--+ Val; R28; Val -+ Thr; R41, lie --+ Leu; R44, Ile -+ Val. lle 8 had been correctly identified as Val from the 2 A resolution electron density map; the additional atom making it lie had been added in the fourth least-squares cycle for testing purposes, and the B value suggests that it should be removed. The refinement had indicated difficulty in each of the other groups (as well as some additional ones) and had led to the correct assignment for most of them.
The parameters in Table 3 should only be used with the limitation of incomplete convergence clearly in mind, and for certain uses they should be idealized by imposing constraints. The parameters appear without idealization, however, so that they are representative of the refinement to this point.
Discussion
At the outset of this work, it was questionable whether a protein could be refined with the limited data set that can be observed. For rubredoxin the number of reflections greater than 20-was only a little more than twice the number of parameters adjusted by leastsquares, and in the present data set there was none with d< 1-54/k. The number of parameters could have been decreased by use of an idealized model refined by constraining some parameters or by a least-squares grouprefinement procedure, but it would have been impossible to derive standard deviations for individual atomic parameters. Accordingly, we attempted to refine the model by techniques applicable to small structures.
Although as noted above the refinement of rubredoxin had not completely converged by the fourth least-squares cycle, it was terminated because it had reached a point of diminishing returns, and a number of questions concerned with refinement of a protein structure had already been answered. First, it is possible to refine rubredoxin in the usual crystallographic sense; second, neglect of the solution continuum in the model appears to be serious for rubredoxin only for reflections with sin 0/2< 0.05; third, the effects of including hydrogen atoms in the model are detectable; fourth, difficulty was experienced with some atoms, primarily in R groups on the surface of the molecule and towards the ends of the chain where B values are very large; fifth, an objective estimate of the standard deviations in the parameters has been derived; sixth, important features of the structure of rubredoxin not evident or uncertain in the 2/k resolution map based on experimental phases have emerged.
The decrease in R for successive cycles shown in Table 1 indicates that refinement is possible. This suggests that the phases calculated from the model (except for reflections at low sin 0/2 where the effects of the solution are large) are better than experimental phases. We have used the hkO reflections to monitor the changes in phase that have occurred during refinement. Although these are zonal reflections, their phases are gen-eral and independent of any drift of the molecule along z from one refinement cycle to the next. In Table 4 the average differences between the following phase sets for the hkO reflections are given: 1, most probable phases; 2, 'best' phases; 3, phases calculated with coordinates from 2 /~ resolution electron density map; 4, phases after four refinement cycles by A F syntheses; 5, phases after four AF and four least-squares refinement cycles. For the 2 A data the average change in phase by the refinement by AF synthesis was 27.7: and by four least-squares cycles it was 19.3 ° . The average change of phase over the eight cycles was 33.6 ° . The average changes from experimental phases (most probable or 'best') to those after refinement are in the range 35°--40 ~ with the difference from most probable phases consistently less than the differences from 'best' phases. The results suggest that errors in the experimental phases are ~40°-45 °, a little greater than the 36 ° indicated by the figure of merit, m=0.81. It should be noted that the data also suggest that the calculated phases from the model derived from the 2 A electron density map are better than experimental phases. For 0.3 comparative purposes differences between phase sets 3-5 are also given for the 1.5 A data. 3 shows the effect of improved phases for Tyr 1 l, the poorest of the six ring R groups in the 2 A electron density map. In Fig. 3(a) the electron density in a plane through the ring is shown at 2 A resolution with experimental phases, and in Fig. 3(b) the same with phases from the refinement. In Fig. 3(c) the electron density is greatly improved with the 1.5 A data and phases from the refinement. In these maps the 28 reflections with sin 0/2 < 0.05 were not included because the solution continuum was omitted in the model.
Certain features of the refinement are most clearly shown by a plot of the residual, R, for each group of reflections in Table 1 vs. sin 0/2 (Fig. 4) . For groups 2-4, R increases with increasing sin 0/2 as is normally found. Contrary to expectation, however, R for group 1 is greater than that for group 2; in fact, in the initial stages of the refinement it is greater than the R values for any of the other groups. Although this may be attributable in part to secondary extinction, the extremely rapid decrease of the effect with increasing sin 0/2 as shown in Fig. 2 suggests that neglect of the solvent continuum in the model is a more likely explanation. Indeed, three features of the plot in Fig. 4 support this view. (1) In the first three AF refinement cycles when there was little change in the model for the solution and in the fourth cycle before most of the water oxygen atoms were added, there was little decrease in R for group 1 although the other three groups were refining satisfactorily (see 1 in Fig. 4). (2) When most of the water was added after the third AF cycle and refined in the fourth, there was a disproportionately large decrease in R for group 1 as compared with the other three groups (see 2 in Fig. 4). (3) In the first least-squares cycle when B values for individual atoms were allowed to vary, there was again a disproportionately large decrease in R for group 1 (see 3 in Fig. 4 ). This can be accounted for by the great variability in B values for the water oxygen atoms. Thus improving the model for the solution has produced the greatest decrease in R for group 1 reflections where the effects of neglect of solvent are largest.
For group 2 reflections, R=0.078 when the refinement was terminated. Although approximately ¼ of the electrons associated with the solution are unaccounted for in the model, the low R value for this group indicates little effect from the solution even for planes with spacings as great as 5 A, Fig. 2 .
On including the 256 hydrogen atoms after the third least-squares cycle, R for each group increased (broken line in Fig. 4 ). This can be explained by noting that neglect of hydrogen atoms in the model causes errors both in the positions and B values of the nonhydrogen atoms. Including the hydrogen atoms impairs the model as shown by the increased R, but subsequent refinement of the nonhydrogen atoms shifts them to more nearly approximate their true positions and R decreases.
Although the refinement progressed steadily as indicated by the decrease in R from one cycle to the next, some atoms refined to positions giving unreasonable bond lengths or angles. These were primarily atoms with high B values. Such values could represent excessive thermal motion, but they may also cover disorder, both static and dynamic, or indicate either that the model is wrong for the atoms in question or convergence is incomplete. It is likely, therefore, that both the B values and the standard deviations in the positions of the atom involved are not realistic.
The lowest standard deviations (for a given atom type) are for atoms with the lowest B values. These are primarily main-chain atoms or atoms in side chains tightly packed together within the molecule. Atoms toward the ends of the chain and those in R groups on the outside of the molecule tend to have high B values.
In Fig. 5 the average B values for N, ,, C~ and Cn, i.e. the main chain atoms for the nth residue, have been plotted against n. It will be seen that B values near the chain termini are much larger than in any other region of the molecule. From residues 4-50, the average B's range from 4-13 A z except at residues 7-8, 23, and in the region 40--45. Residues 7-8 and 40-41 would be expected to have large B's because they project from the surface of the molecule. In fact, the whole region from residues 40-45 is not tightly bound to the rest of the molecule except through the Fe-S complex, and even these heavy atoms have B's greater than many main chain C and N atoms. The dramatic difference of the average B for residue 23 from surrounding values probably stems primarily from error in the atomic positions (Rossmann et al., 1959) . Indeed, error in atomic positions may explain in part the large B values near the chain terminii.
A good example of the variation of B with atomic position is provided by Lys 3 which is fully extended, projecting from the molecular surface straight into the solution. B values and standard deviations for CB(3) through N~(3) are given in Table 5 (a). It can be seen that B values increase with increasing distance from the main chain and B for N~(3) is unrealistically large. The difficulty with this atom is readily apparent by inspecting the bond lengths in Fig. 6(a) . Although the C-C bond lengths are consistent with the standard deviations of the atoms involved, the C~(3)-N~(3) bond is almost one A longer than the accepted value. This can be explained by a shift of N¢(3) in the model out toward hydrogen-bonded oxygen atoms of the water with an accompanying increase in the B value of the N atom to cover the several atoms in the vicinity of the terminus of Lys 3 and possible disorder of N~(3). (The same phenomon was also observed for a number of carboxyl oxygen atoms in some of the Asp and Glu groups on the surface of the molecule.) In contrast to N ~ of Lys 3, N ~ of Lys 46 is firmly bound by H bonds to 0(30) and 0(33). For comparative purposes, B values and standard deviations for Lys 46 are listed in Table 5 (b) and bond lengths are given in Fig. 6(b) . The estimated standard deviations from the inverse matrix can be checked by comparison with values derived from measurements of the length of bonds of a given type. The C=-C B bonds were selected for this purpose. Of the 48 in the molecule, those in the N-terminal methionine and in the two C-terminal amino acids were excluded because the model is unsatisfactory in these regions. The remaining 45 have a range of I. 13 /k, a mean value of 1.57/~ and a a of 0.20/~ in essential agreement with the r.m.s, a of 0.19/~ derived from the inverse matrices of the last refinement cycle.
For model building it has been assumed that the peptide groups are planar (Pauling, Corey & Branson, 1951) . Recent evidence suggests, however, that some peptide groups may be significantly nonplanar (Ramachandran, 1968; Winkler & Dunitz, 1971) . We have calculated least-squares planes for the peptide groups in rubredoxin and tabulated the deviations of the atoms from each. Again neglecting the N-terminal methionine and the two C-terminal residues, we find that 4 of the remaining 51 peptides have Z z distributions greater than 9.2, i.e. they are nonplanar at the 0.99 confidence level.
The Fe-S complex is an important feature of the structure and the refinement has provided bond lengths and angles with greatly improved precision. Bond lengths and angles for the Fe-S complex from the last three refinement cycles and the partial cycle including anomalous scattering are listed in Table 6 .
All four Fe-S bonds are chemically equivalent in the sense that all four atoms coordinated to Fe are cysteine S. Three of the Fe-S bonds do not differ significantly in (6)--Fe-SV(9) 112 (2) ° 111 (1) ° 111 (1) ° 113 (1) ° Sv(6)--Fe-S~(39) 105 (1) 106 (1) 105 (1) 108 (1) S~(6)--Fe-S~(42) 101 (1) 102 (1) 102 (1) 101 (1) S~(9)--Fe-S~(39) 102 (1) 103 (1) 104 (1) 104 (1) S~(9)--Fe-S~ (42) 118 (2) 117 (2) 117 (1) 115 (1) Sv(39)-Fe-S~ (42) 118 (2) 117 (2) 117 (2) 115 (1) length from an average value of 2-27-2.28 ./~ for 70 such bonds reported in the literature, but the fourth one is shorter, and two of the four are significantly less than the 2.339-2.380 A lengths in the tetrahedral FeS4 core of bis(imidotetramethyldithiodiphosphino-S,S)-iron-(II) (Churchill & Wormald, 1971 ). The S-Fe-S angles in the latter compound range from 100.5-114.9 ° , a range similar to that in rubredoxin where five of the six angles appear to differ from the tetrahedral value.
Refinement by constraints
The extent to which refinement of any protein structure is warranted will depend on the quality and extent of the X-ray data. For most proteins it will be necessary with presently available data to restrict the number of parameters by use of an idealized model in which parameters for structural features such as peptide residues, ring R groups, and bond lengths and angles are fixed at accepted values. Diamond (1966 Diamond ( , 1971 has developed an excellent pair of programs, one to fit a model to a set of coordinates, the other to refine the model by fitting an electron density map. In both programs, various torsion and bond angles may be constrained or varied to give the best fit. In general, if parameters are known with better precision than they can be determined with the available data, they should be constrained in the refinement.
reciprocal space in the range 0.325 < sin 0/2 < 0-40 suggests that as much as 40 % of the data can be observed with intensities greater than 2o'. The model can be expected to improve substantially by including additional data, but it should be noted that little improvement can be expected for atoms with high B values, because such atoms contribute little to the high-angle data. It may still be necessary to fit regions of the molecule with high B values by an idealized model unless the B's can be reduced experimentally e.g. by collecting data at low temperatures. Two completely different refinement methods may provide an improved model. One of these involves improving the phases of the X-ray reflections by a phase refinement technique (Sayre, 1972) . The other involves minimizing the energy of interaction between various main chain and side chain components of the protein molecule (Scheraga, 1968; Levitt & Lifson, 1969; Herroans, 1972) .
This work was supported under USPHS Grant GM-13366 from the National Institutes of Health, and a grant of computer time, Computer Center, University of Washington. Programs used were those in the X-ray System (Stewart, Kundall & Baldwin, 1970) and ORTEP (Johnson, 1965 ). An Fo synthesis based on the phases from the 4th least-squares refinement cycle was calculated for us by Dr D. Sayre.
Improved model
The model for rubredoxin can be improved in several ways. Correcting it as indicated by the chemical sequence would aid convergence. Including more of the off-diagonal terms in the least-squares matrix by use of a computer with mass storage would also improve the convergence. In any one refinement cycle in the present work only about 10% of the off-diagonal terms were included.
It is now known that considerable data can be observed beyond the present 1.54 A limit. A survey of x.CB 3 .,C83 
Introduction
Phases of composition TezOs have been known for some years to exist as microcrystalline powders (Rosicky, Loub & Pavel, 1965; Moret & Maurin, 1968) . Recently, single crystals of Te205 have been prepared and the crystal structure determined by X-ray methods (Lindqvist & Moret, 1973) . The Te205 single crystals were obtained in a hydrothermal investigation of the TeO2-TeO3-H20 system. In the same series of experiments it was also possible to isolate a new compound of composition H2Te206 and to determine the conditions required for the growth of single crystals. Formally, H2Te206 ought to be obtained by the reac-tion of Te2Os with water, and the present investigation was undertaken to examine the structural relationship between Te205 and H2Te206.
Experimental
The hydrothermal synthesis of crystals of H2Te206 and the analysis of the compound have been described elsewhere (Moret, 1972) . Cell dimensions, as obtained from measurements with a calibrated Siemens powder diffractometer, and possible space groups have been given previously (Moret & Lindqvist, 1972 ) and a summary of the crystallographic data is given in Table 1. 
